The market-based control as a control strategy is developed based on an analogy between the control force-energy source in the structural area and the supply demand in the free market. The optimal problem of control force from an actuator is transformed to that of the allocation resource in the market. Since the supply-demand relation model and iteration procedure for the optimal price solution are necessary and relatively hard to understand and perform for civil engineers, the fuzzy logical method is proposed in the framework of the market-based control to acquire an equivalent system corresponding to the market-based control method. An equivalent fuzzy logical rule is established through analyzing a single-degree-of-freedom system with the controller using the MBC strategy under earthquakes. The results show that the fuzzy logical method is able to also reduce the displacement and acceleration responses effectively similar to the MBC method, and the consumed computational time for the fuzzy logical method is obviously saved.
Introduction
At present, the structural control technique is verified as an effective way to reduce responses of structures under natural hazards such as earthquakes and strong winds. Over past few years, a number of structural control strategies have been developed and applied in practices, specifically in seismic regions. Structural control systems, in general, fall into four categories: passive, active, semiactive, and hybrid control based on whether the power source is necessary. For the active and semiactive control technique, the control force is often determined by control strategies. Conventional control strategies include the linear quadratic regulator (LQR), modal control, smart control, and H2 and H∞ [1] [2] [3] . The market-based control (MBC) as a multiobjective distributed control approach achieves the optimal allocation of the control energy and determines the controlling force by modeling seller and buyer behaviors in the free-market area. The optimal problem of control force from the actuator in the structural control area is then transformed to that of allocation resources in the market. Since the MBC concept was proposed by Clearwater [4] , it had been developed and applied in many fields, such as the telecommunication, mechanism, and mission plan [5] [6] [7] [8] [9] . Lynch and Law [10] firstly applied the MBC method in civil engineering and subsequently presented a market-based energy control method. Huo and Li [11] incorporated the MBC in the tuned liquid column damper for reducing structural responses. Li [12] developed supply-demand relations and further improved control effectiveness. In addition, Li et al. [13] presented a way to compress the computation time for the nonlinear analysis of the structure through combining the MBC and the force analogy method.
After stepping into the 21st century, more and more works were focused on the implementation of the artificial intelligent algorithm in the structural control. The fuzzy logical method (FLM), as an intelligent algorithm, was incorporated in the structural control and developed in few years ago. Advantages of the FLM are effective and easy in handing nonlinearities, uncertainties, and heuristic knowledge when it was applied in the active and semiactive control. Aldawod et al. [14] designed a multiobjective optimal fuzzy logic controller for seismically excited building structures and verified its inherent robustness and ability to handle nonlinearities and uncertainties in the structural behavior and loading. Ahlawat and Ramaswamy [15] applied the FLM for the active vibration control of tall buildings. Schurter and Roschke [16] used a neurofuzzy technique to control a single-degreeof-freedom and four-degrees-of-freedom building models. Park et al. [17] presented an independent modal space fuzzy control technique for the vibration control of earthquakeexcited structures. The technique adopts a two-step design procedure consisting of designing an optimal controller in the modal space and fuzzy tuning of predesigned modal control gains. Bhardwaj and Datta [18] presented a methodology for the semiactive control of building frames using multiple semiactive hydraulic dampers driven by fuzzy controllers. The results of study showed that an efficient semiactive control strategy was developed using a fuzzy rule base. Kim and Roschke [19] validate the advantage of fuzzy logic approach on handling the nonlinear behavior of the system. Guclu and Yazici [20] investigated the effectiveness of a supervisory fuzzy control technique for the reduction of seismic response of a smart base isolation system. Zahrai and Shafieezadeh [21] designed a fuzzy logic based controller and used it to reduce vibrations of a tall building under cross-wind excitations. The results verified the superior performance of the semiactive fuzzy controller over the passive controller in response to mitigation of the perturbed structure. Zhao and Li [22] carried out a shaking table test of seismic response reduction of semiactive fuzzy control system including a new type of piezoelectric variable-friction damper and fuzzy controller. Yeh [23] developed an adaptive fuzzy sliding model control based Lyapunov theory and got a satisfactory result in the application of structural control for buildings with sliding bearing isolators.
The MBC has a distinct advantage when it is applied in a large complex structure, because it as a large unity consists of many markets so that it is capable of performing a decentralized control through dividing the large complex structure into several substructures and establishing corresponding relations among the substructures. However, the controlling effect for all substructures is determined by the supplydemand relation of markets, and the equilibrium price of the commodity is formed depending on its own supply-demand relation and the price tendency. The presence of numerous supply-demand relation models and iteration procedures for the optimal price solution is necessary and relatively hard to understand and perform for civil engineers, so that it makes the application of the MBC in this kind of structures more sophisticated. The FLM is incorporated in the framework of the MBC to acquire an equivalent system corresponding to the market-based control method in this study. The objective of present study is to simplify the process of the MBC and improve its robustness and uncertainty through incorporating the FLM into the structural vibration control procedure. An equivalent fuzzy rule is established through analyzing a single-degree-of-freedom (SDOF) system with the controller using the MBC strategy under earthquakes.
The robustness and uncertainty of the FLM are validated by its application in a multidegrees-of-freedoms structure under different earthquakes.
Fundamental Background

Framework of MBC.
The governing equation of motion for an SDOF system with controller can be expressed as
where ( ),( ), and( ) represent the displacement, velocity, and acceleration of the SDOF system, respectively; and are the system mass and stiffness; denotes the viscous damping coefficient; ( ) is the controlling force from the actuator, and ( ) is the environmental load.
The MBC as a control algorithm can realize the structural vibration control through the analogy between the free market and structural control system. In the free market, the demand function is determined by its energy consumption , energy price , and dynamical responses ( ); the sellers' supply function is determined by its own original energy and energy price . Buyers and sellers both pursue their maximum interests at any time. This process has to be restricted by commodity quantities max and virtual wealth max . Thus, the relation among these parameters is satisfied by
Actually, the supply-demand relation is a core of the overall MBC theory. In the prior research, classical mathematical models have been presented, such as the linear-supply and linear-demand model [12] , linear-supply and power-demand model, advanced linear-supply and power-demand model, and linear-supply and exponential-demand model [10] . As a classic model, the linear-supply and linear-demand relation reflects changes of the supply and demand in free market. The price is not obviously linear with the demand in markets, so the advanced linear-supply and power-demand and exponential-demand models were established and validated to be more accurate models. The fundamental framework of the MBC in the structural control has been presented in detail by Lynch and Law [10] , so only a short summary based on the linear-supply and power-demand model (ALPM) is provided here as background. The supply function is written as
And the demand function is chosen to depict the relation of the demand and price as
where is the parameter that reflects the energy supply, and and are the weighting coefficients. In the free market, there is a general equilibrium rule between the supply and demand. The rule can be expressed as
Substituting (3) and (4) into (5), an equilibrium price is obtained through the resolution of (5) at any time step. The solution of (5) is called the Pareto optimal solution in economics [10] . Then, the control force is written as
where is the gain coefficient related to the actuator. Substituting (6) into (1), the MBC in the structural control is implemented.
Fuzzy Logical Method.
The FLM is capability to simplify the complex relation through mapping of only inputoutput information. The core of structural control is how to determine the controlling force through structural responses, such as displacement and velocity. This process is relatively complex and hard to solve. The controlling force in MBC is simulated to the price in market, so the structural displacement and velocity are selected as input variables to the fuzzy controller, and the output variable is defined as the price in the free market in this study, as shown in Figure 1 . The whole price determination process is replaced by the fuzzy rule simplified through the FLC. The membership function for these three variables is selected as triangle with 50% overlap (Figure 2) . The labels NL, NM, NS, ZO, PS, PM, and PL refer to the linguistic values: negative large, negative medium, negative small, zero, positive small, positive medium, and positive large, respectively.
Although the MBC mentioned in previous section is clear and simple, the presence of many supply-demand relations leads to an expensive computation in time and makes the MBC strategy complex. In this study, an equivalent control system based on the FLM is developed to represent overall MBC solution process by using the unknown part of the system dynamics and the fuzzy learning model. The relation of the price, displacement , and velocitẏcan be written as
where is the time at sampling; represents the function of the fuzzy function.
Equivalent Fuzzy Price Rule
For illustration, a single-degree-of-freedom (SDOF) system, whose mass, stiffness, and damping ratios are 2.25 × 10 6 kg, 1.4 × 10 7 N/m, and 0.05, respectively, is excited by the El Centro north-south ground acceleration record from the 1940 Imperial Valley Earthquake. In order to obtain an equivalent fuzzy price rule to replace the MBC solution process, the dynamical response analysis of the SDOF structure with the controller based on the method presented in Section 2.2 was carried out. The three-dimensional relations of the price, displacement, and velocity are shown in Figure 3(a) , and the fuzzy price rule is obtained and listed in Table 1 . The rule surface that corresponds to the rule bases in Table 1 is generated as shown in Figure 3(b) .
The whole process of the MBC in the structural control including the supply-demand relation and price solution is avoided, and much computational time is saved due to the establishment of price rule. It also can be found in Figure 4 . In prior researches, the conclusion is that structural parameters and environmental loads have limited influence on the fuzzy rule. It also means that although the FLM is sourced from the SDOF under the given earthquake record, it is universal and will be verified in the next section. 
Application of the Fuzzy Control Method in the MDOF System
To validate the performance of the FLM established in the previous section, it is applied in a ten-story framed structure, whose parameters are shown in Table 2 . In addition, three various earthquake records, which were scaled by various adjusted factors to 0.22 g, are listed in Table 3 and selected as inputting loads to verify the robustness of the FLM under different environmental loads. Three cases, which are the structure without control (FREE), with control based on the MBC, and with control based on the FLM, are conclude in this study to verify the effectiveness of the FLM. The comparison of the time consumed on the completion of dynamic control analysis between using the MBC and FLM is shown in Table 4 . It can be seen that the FLM compared to MBC can dramatically reduce the computational time.
The maximum displacement and acceleration of each floor for the three cases, FREE, MBC, and FLM, are shown in Figure 5 . It can be seen that the FLM has ability of reducing the displacement and acceleration responses effectively similar to the MBC through comparing responses of these three cases. Table 5 showed the maximum displacement and acceleration responses of the first, fifth, and tenth floor, and the maximum displacement and acceleration reduction ratio attaches to 33.12% and 50.42%. The controlling force in MBC is simulated to the price in market and also influenced by input earthquakes acceleration. Thus, both the price and input earthquake acceleration should have close changing trend. Figures 6, 7 , and 8 illustrated that the price has the same changing trend as the theoretical control force of the first floor under the three earthquake records. The price and theoretical control force in the MBC agree well with that in the FLM. In addition, it was revealed that the FLM has excellent control effectiveness under the three earthquake records although it was only sourced from the case under El Centro earthquake record.
Summary and Conclusions
Significant progress has gone towards developing a new control category, which has the highest performance on the robustness, uncertainty, and effectiveness in civil engineering. Although the MBC has capability of performing an effective control for structures, the complex solution of equilibrium price and poor robustness of the MBC limits its application in complex structures. As the artificial intelligence theory matures, the fuzzy logical method is introduced or incorporated in the structural control technology in recent years. Many problems, which are relatively difficult to answer using the traditional control method, were solved with various degrees through the smart control algorithms and technology. In this paper, the fuzzy logical method is incorporated in the MBC to simplify the MBC procedure and improve its performance through establishing a fuzzy rule based on a single-degree-of-freedom system under the earthquake. The results have shown that the fuzzy rule has ability of reducing the displacement and acceleration responses effectively similar to the MBC through comparing researches, and consuming computation time for the FLM is obviously saved. The present research implements a fuzzy theory model for use in the market-based control, which is a robust, efficient, and stable algorithm for conducting the structural vibration control.
